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Abstract We study the effect of electromagnetic ion cyclotron (EMIC) waves on the loss and pitch angle
scattering of relativistic and ultrarelativistic electrons during the recovery phase of a moderate geomagnetic
storm on 11 October 2012. The EMIC wave activity was observed in situ on the Van Allen Probes and
conjugately on the ground across the Canadian Array for Real-time Investigations of Magnetic Activity
throughout an extended 18 h interval. However, neither enhanced precipitation of >0.7MeV electrons nor
reductions in Van Allen Probe 90° pitch angle ultrarelativistic electron ﬂux were observed. Computed
radiation belt electron pitch angle diffusion rates demonstrate that rapid pitch angle diffusion is conﬁned to low
pitch angles and cannot reach 90°. For the ﬁrst time, from both observational and modeling perspectives, we
show evidence of EMIC waves triggering ultrarelativistic (~2–8MeV) electron loss but which is conﬁned to pitch
angles below around 45° and not affecting the core distribution.
1. Introduction
The Earth’s outer radiation belt is populated by electrons of energies from 100 s of keV to several MeV, which
are commonly referred to as energetic or relativistic electrons. During geomagnetic storms, outer belt ﬂuxes
exhibit irregular variations over several orders of magnitude on the timescales from minutes to days. Recent
results showed that a very narrow third belt consisting of ultrarelativistic electrons with energy> 2MeV can
be formed and exist for over a month [Baker et al., 2013]. These new observations suggest that the
ultrarelativistic electron population constitutes an important part of the near-Earth environment and the
processes that deﬁne its lifetime are not yet fully understood.
Electromagnetic ion cyclotron (EMIC) waves are transverse plasma waves in the frequency range between 0.1
and 5Hz. EMIC waves are generated in the magnetosphere by ring current protons with temperature
anisotropy in three bands, below the H+, He+, and O+ ion gyrofrequencies. EMIC wave growth can lead to the
isotropization of the initially unstable proton distribution and loss of protons into the atmosphere [see, e.g.,
Cornwall, 1965; Usanova et al., 2010].
EMIC waves can also undergo a cyclotron resonance with radiation belt electrons and cause precipitation of
electrons into the atmosphere. The resonance energy of relativistic electrons interacting with EMIC waves is very
sensitive to the ratio of local plasma density to the magnetic ﬁeld strength and, in the cold multi-ion plasma
approximation, to the proximity of the wave frequency to ion gyrofrequencies [e.g., Summers and Thorne, 2003].
In the cold plasma approximation, EMIC waves can interact with electrons below 1–2MeV only in regions of high
plasma density [e.g., Ukhorskiy et al., 2010]. Therefore, EMIC waves are expected to have a much more
pronounced effect on ultrarelativistic electron pitch angle scattering. Shprits et al. [2013] simulated the formation
of the third radiation belt observed by Baker et al. [2013] and concluded that EMIC waves were a necessary
component of the plasma environment required to produce loss of the ultrarelativistic electrons and hence to
explain the observed narrow radiation belt conﬁguration. In this paper, we further investigate interactions
between EMIC waves and ultrarelativistic electrons from both observational and modeling perspectives.
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2. Instrumentation
2.1. Magnetometer Array
We used ground-based magnetic ﬁeld measurements from the Canadian Array for Real-time Investigations
of Magnetic Activity (CARISMA; www.carisma.ca) [see Mann et al., 2008]. For this study, we used data from
search coil magnetometers with resolution of <0.2 pT/Hz1/2 at 1Hz, which span the range of L-shells between
L=3.6–6 and ~4h MLT.
2.2. NOAA POES
The National Oceanic and Atmospheric Administration (NOAA) Polar Orbiting Environmental Satellites (POES)
are in circular, Sun synchronous orbits at altitude ~850 km. POES carries onboard a Medium Energy Proton
and Electron Detector (MEPED) that monitors intensities of charged particle radiation [Evans and Greer, 2000].
There are two identical proton telescopes: the 0° detector, monitoring particles in the atmospheric loss cone
throughout outer belt latitudes and the 90° detector, monitoring particles that are mirroring near the satellite.
We used data from the 30–80 keV, 80–250 keV, 250–800 keV, and above 6900 keV proton channels sampled at
0.5 samples/s. Since the last channel is also sensitive to>0.7MeV electrons [e.g., Rodger et al., 2010], we used
it to monitor precipitation of relativistic electrons.
2.3. Van Allen Probes
The Van Allen Probes are two identical spacecraft in similar orbits and encompassing both the inner and
outer radiation belts [Kessell et al., 2012]. Their highly elliptical orbits range from a minimum altitude of
~600 km to a maximum altitude of ~37,000 km. To look at the dynamics of the ultrarelativistic electron
population, we used electron ﬂux data from the Relativistic Electron Proton Telescope (REPT), within the
Energetic particle Composition and Thermal (ECT) suite [Spence et al., 2013]. REPT measures electrons with
energies between ~2 and 10MeV [Baker et al., 2012]. For EMIC wave identiﬁcation, we used 64 samples/s
magnetic ﬁeld measurements with accuracy ~0.1 nT from the Electric and Magnetic Field Instrument Suite
and Integrated Science (EMFISIS) [Kletzing et al., 2013]. To obtain information about background cold plasma
densities, we used spacecraft potential measurements from four spin-plane antennae of the Electric Field and
Waves Instrument (EFW) [Wygant et al., 2013].
3. Observations
3.1. Long-Lasting EMIC Wave Event on 11 October 2012
We examine a long-lasting EMIC wave event from 11 October 2012, which occurred in the recovery of a
moderate geomagnetic storm (with minimum Dst= 111 nT on 9 October). Continuous EMIC activity was
observed on the ground bymultiple CARISMA stations for more than 18 h (see accompanying paper byMann
et al. [2014] for more details).
The Van Allen Probes A and B were conjugate to the region of EMIC activity: at 14:15 UT, probes A and B had
magnetic footprints close to the CARISMAPinawa (PINA) andDawson (DAWS) stations, respectively (see Figure 1).
EMIC wave dynamic spectra from these two stations are shown in Figures 1a and 1b, and the spectrogram of the
Bx GSM magnetic ﬁeld component on probe B is shown in Figure 1c. The black line superposed on the probe B
spectrogram shows the local helium gyrofrequency, and the red line shows the background electron density.
Similar to observations by Usanova et al. [2008], helium-band EMIC wave activity on probe B is seen on a narrow
range of L-shells from L~4.0 to 4.5 and is bounded at high L by a density drop, which indicates the plasmapause
or the plasmasphere boundary layer.
During the interval of EMIC activity on the ground, POES 16 observed a loss of energetic protons (a signature
of EMIC instability) in low-Earth orbit. For example, at ~14:08 UT, POES 16 registered a localized enhancement
of precipitating protons with energies> 30 keV close to PINA (L ~ 4). Figures 1d–1g show POES proton data
from 30 to 80 keV, 80 to 250 keV, and 250 to 800 keV, and the channel sensitive to >0.7MeV electrons,
respectively. The blue (red) trace in Figures 1d–1g shows the ﬂux of precipitating (locally mirroring, trapped)
particles observed by MEPED. Clearly, the precipitation of energetic protons associated with the narrow L-
range of EMIC waves is not accompanied by precipitating >0.7MeV energetic electrons.
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3.2. POES Precipitation Observations
To examine the global impact of EMIC waves on Van Allen belt dynamics, we extended our analysis of POES
data to a longer interval (9–20 October), encompassing the 11 October 2012 event. Similar to Figure 1g,
Figure 2 shows locally mirroring (trapped; Figure 2a) and precipitating (Figure 2b) >0.7MeV electron ﬂux on
POES (averaged over all six POES satellites) as a function of L and time for this interval. The POES observations
indicate that the outer radiation belt electron ﬂux was enhanced following the 9 October 2012 storm. While
POES shows that there is an appreciable amount of >0.7MeV electron precipitation from the heart of the
outer belt, it remains almost constant in time over this interval and is less than 5% of the trapped ﬂux at the
a)
b)
Figure 2. On POES, >0.7MeV electron unidirectional differential ﬂux (a) trapped and (b) precipitating as a function of L
between 9 and 20 October 2012. A decrease in the electron ﬂux occurred on 13 October during the minimum Dst (101 nT).
Figure 1. EMIC wave observations from the CARISMA (a) PINA and (b) DAWS magnetometers, from (c) GSM Bx component from Van Allen Probe B, (d–f ) together
with loss of energetic protons on the POES 16 satellite on 11 October 2012. (g) On POES 16, >0.7MeV electron loss was not observed at the same time. The central
panel shows the schematic locations of the satellites and ground magnetometers.
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edge of the loss cone. Moreover, the most signiﬁcant loss of trapped ﬂux observed on 13 October is not
accompanied by either enhanced precipitation or by EMIC waves. Overall, these observations suggest that
either there is little impact on the level of trapped ﬂux arising from EMIC wave scattering of >0.7MeV
electrons into the loss cone or that source and/or transport dominated over any EMIC losses on 11 October.
3.3. Ultrarelativistic Electron Observations From October to November 2012
To continue investigating the effect of the observed EMIC wave activity on the ultrarelativistic electron ﬂux,
we used data from the REPT instruments onboard the Van Allen Probes. Figures 3a–3c show spin-averaged
Figure 3. Omnidirectional (a–c) differential electron ﬂux as a function of L* and (d–f) differential ﬂux as a function of pitch angle,
normalized by the 90° pitch angle ﬂux, at L*=4.5 in the 2.3, 4.5, and 5.6MeV energy channels, respectively, from REPT, and (g)
EMIC wave occurrence from L~4–4.5 on the ground between 9 October and 29 November 2012. The green arrow shows the
EMIC event on 11 October. The purple arrow indicates the time of the minimum Dst at 11 UT on 13 October 2012.
Geophysical Research Letters 10.1002/2013GL059024
USANOVA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1378
differential electron ﬂux in the 2.3, 4.5, and 5.6MeV energy channels as a function of L* (electron drift shell in the
T04 magnetic ﬁeld model [Tsyganenko and Sitnov, 2005]) between 9 October and 29 November 2012. Similar to
the POES observations, a major electron ﬂux decrease is observed on 13 October (purple arrow) during a
moderatemagnetic storm. However, we did not observe a signiﬁcant ﬂux reduction in any of the omnidirectional
energy channels in Figures 3a–3c on throughout the EMIC event on 11 October (green arrow). Overall, the entire
interval can be characterized by a gradual and continuous decrease in ﬂux, interspersed with a sharp step
decrease on 1 November, and a similar sharp increase around 15 November 2012.
The most interesting observations from REPT were obtained using pitch angle distributions of these
ultrarelativistic electrons. Figures 3d–3f show electron differential ﬂux as a function of pitch angle in the same
2.3, 4.5, and 5.6MeV energy channels at L* = 4.5. In each panel, the ﬂux is normalized by the 90° pitch angle
ﬂux to highlight the changing shape of the pitch angle distributions rather than their changing magnitude.
The width of the pitch angle distribution varies during the entire 51 day interval being narrow (i.e., more
strongly peaked at 90°) at the beginning, then widening, and experiencing ﬂuctuations later in the interval.
Also, there is a clear trend toward the distribution being narrower at higher energies. To investigate the effect
of EMIC waves on the pitch angle distribution shape, we surveyed EMIC wave occurrence on the ground at
two CARISMA stations (L ~ 4–4.5). The EMIC wave occurrence seen at these stations is shown in Figure 3g and
tagged as follows: “No” for days of absent EMIC waves and “Yes” for days where EMIC waves are present. Note
that in order to estimate local EMIC wave occurrence on these L-shells, “Yes” is only applied when the EMIC
wave power peaks at these L-shells in an attempt to separate local EMIC power from that ducted to the
stations from higher L-shells of the CARISMA array. Figure 3 demonstrates an extremely clear correlation and
connection between rapid changes in ultrarelativistic pitch angle distributions and the occurrence of EMIC
waves. It provides good evidence that EMIC waves can generate bite-outs in ﬂux at low pitch angles, which
can last for extended intervals. However, this correlation is not seen in the omnidirectional ﬂuxes
(Figures 3a–3c), which indicates that the core of the ultrarelativistic electron distribution was not being
signiﬁcantly affected by EMIC waves during this extended interval.
4. Electron Pitch Angle Scattering Rates
We computed bounce-averaged pitch angle diffusion coefﬁcients of electrons due to EMIC waves using a quasi-
linear approach [e.g., Kennel and Engelmann, 1966; Summers et al., 2007]. Following Meredith et al. [2003], we
considered cold multi-ion plasma with the ion composition given by 70% H+, 20% He+, and 10% O+. The
observed in situ EMIC power spectral density below the He+ band was ﬁt by a Gaussian with the following
parameters: maximum frequency 0.89Hz (0.74ΩHe), bandwidth 0.12 (0.1ΩHe) Hz, and lower and upper cutoffs
0.65 (0.54ΩHe) and 1.15 (0.96ΩHe) Hz, ΩHe being the local helium gyrofrequency. Waves were assumed to be
ﬁeld aligned with left-hand circular polarization and conﬁned below the crossover frequency [see Li et al., 2007],
within ±13.5° of the equator. At higher latitudes the waves become oblique, right-hand polarized and do not
strongly interact with MeV electrons. The wave amplitude was calculated as the square root of the integral of
the power spectral density divided by frequency, being 2 nT. Also, a constant ﬁeld aligned number density of
150 cm3 is assumed, derived from the observed Van Allen Probe B spacecraft potential. The computed
scattering rates were also MLT averaged assuming EMIC waves were only present over 25% of the drift orbit.
Figures 4a–4c show the computed pitch angle diffusion coefﬁcients as a function of equatorial pitch angle for
electron energies of 2.3, 4.5, and 7.15MeV, respectively. A particle loss timescale can be estimated using the
inverse of the diffusion coefﬁcient. Loss timescales in Figures 4a–4c lie in the interval of approximately 0.1 to
10 h, depending on the electron energy and pitch angle, being very fast at low pitch angles and signiﬁcantly
slower toward high pitch angles, also increasing signiﬁcantly with energy from 2.3MeV to 7.1MeV. Figure 4
demonstrates that with increasing energy, electrons with a larger range of pitch angles are scattered by EMIC
waves—narrowing the pitch angle distributions to be more closely conﬁned toward 90° at higher energies.
These calculations clearly show that EMIC waves cause ultrarelativistic (~2–8MeV) electron loss, but which is
conﬁned to pitch angles below around 45° (depending on the electron energy) and not affecting the core
distribution. Signiﬁcantly, EMIC pitch angle diffusion rates are very small at large pitch angles, precluding the
possibility that EMIC waves can erode the entire ultrarelativistic electron population—speciﬁcally they are
not capable of scattering the high pitch angle particles into the loss cone. This is in excellent agreement with
the REPT instrument energy/pitch angle spectrograms in Figures 4d–4f showing normalized electron ﬂux as a
Geophysical Research Letters 10.1002/2013GL059024
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function of pitch angle for 2.3, 4.5, and 7.15MeV during the times where EMIC waves were present. The dark
blue color in this spectrogram corresponds to <10% of the locally trapped population and signiﬁes that
electrons with these pitch angles are lost.
5. Discussion and Conclusions
We investigated the effect of EMIC waves on relativistic and ultrarelativistic electron populations. Using
observations from 11 October 2012, during the recovery phase of the geomagnetic storm with minimum Dst
on 9 October 2012, we observed precipitation of 30–800 keV protons conjugate to the region of EMIC wave
activity—a typical signature of EMIC wave-particle interactions. However, we did not observe precipitation of
>0.7MeV electrons on POES satellites nor did we observe any decreases of spin-averaged ultrarelativistic
electron ﬂuxes on the Van Allen Probes associated with EMIC waves during this period.
Computed pitch angle diffusion coefﬁcients for ultrarelativistic electrons show that EMIC waves with the
characteristics observed on 11 October do not affect the core of the electron distribution—consistent with
the absence of signiﬁcant precipitation observed. However, these waves do affect lower pitch angle particles,
causing the conﬁnement of ﬂuxes closer to equatorial pitch angles of ~90°, the effect being more
pronounced at higher (close to ~8MeV) energies. These theoretical results are in excellent agreement with
the pitch angle distributions observed by the Van Allen Probe at ultrarelativistic energies.
An important question, which then remains, however, is that since REPT detects the loss of low pitch angle
particles due to an EMIC interaction at ultrarelativistic energies, why is this not seen by the POES detector? We
can answer this by comparing the ﬂux for the whole> 0.7MeV population that POES is sensitive to, to the
ultrarelativistic ﬂux seen by REPT at 2.3MeV (ﬁrst REPT channel) and higher. First, from the AE8 model for
active conditions [Vette, 1991] we estimated the ratio between the ﬂux at>0.7MeV and>2.3MeV to be ~0.1.
a)
E = 2.3 MeV
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Figure 4. (a–c) Computed pitch angle diffusion coefﬁcients and (d–f ) observed normalized electron ﬂux as a function of
pitch angle in the 2.3, 4.5, and 7.15MeV REPT energy channels, respectively, for 9–13 October 2012.
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Second, we calculated that the decline in the REPT ﬂux during active EMIC wave intervals is ~0.15 of the total
ﬂux at 2.3MeV. Since the ﬂux at >2.3MeV constitutes only 10% of the ﬂux at >0.7MeV, the fraction of
precipitating electrons during this event is ~0.01 of the >0.7MeV electron ﬂux detectable by POES. This is
below the background precipitating ﬂux (5%) and hence cannot be resolved by POES. These observations are
also consistent with Rodger et al. [2010].
In recent work, Shprits et al. [2013] highlighted the importance of EMIC waves in scattering of ultrarelativistic
electrons into the loss cone during the formation of a third radiation belt observed by the Van Allen Probes in
September 2012 [Baker et al., 2013]. However, there is no evidence that EMIC waves caused signiﬁcant loss of
either MeV or> 2MeV electrons during the interval presented here and that any effects on pitch angle
distributions were conﬁned to lower pitch angles.
Future modeling and observational efforts are required to address this difference in ultrarelativistic electron
response to EMIC waves and to examine the dependence on various wave and plasma parameters in
controlling the dynamics of the ultrarelativistic electron population. Since EMIC waves are only effective at
scattering lower pitch angle particles, additional transport or diffusion affecting higher pitch angles reaching
the core 90° equatorial pitch angle population (e.g., through interaction with chorus waves—cf. Shprits et al.
[2009]) might be needed in order for EMIC waves to signiﬁcantly deplete the entire pitch angle distribution of
ultrarelativistic electrons.
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